ABSTRACT The phenology and population dynamics of the Mediterranean fruit ßy, Ceratitis capitata (Wiedemann), were studied from 1991 to 1995 using Jackson traps baited with trimedlure and periodic fruit sampling in two orchards in Thessaloniki northern Greece (40.3Њ north latitude, 22.5Њ longitude). This area is located within the northernmost zone of establishment of the ßy in Europe. No adults were captured from December to the end of June. The Þrst captures were recorded from the end of June to August, depending on the year and orchard, and captures rates peaked in the autumn of each year. SigniÞcant differences were observed in adult population density and in the initiation of ßy activity between two neighboring orchards (Ϸ500 m apart) that differed in host fruit abundance and availability. The results of fruit sampling showed that apricots were the Þrst fruits infested every year in the area of Thessaloniki. Though infested at low rates, they were very important for breeding the Þrst summer generation, and also for the increase in C. capitata population later in the summer. Peaches and Þgs were important hosts for breeding the late summer and early autumn generations. Apples and other pome fruits were important hosts later in autumn (OctoberÐNovember), and also served as overwintering refuges for the larvae. Among 17 fruit species collected in the area 11 were found infested. Pecan [Carya illinoensis (Wang) k. Koch] and Malus floribunda Sieb. (an ornamental tree) are reported here for the Þrst time as hosts of C. capitata. Our Þndings suggest that C. capitata completes four to Þve generations per year in the area of Thessaloniki. Practical and theoretical implications concerning the population dynamics and the control of this ßy are discussed.
THE MEDITERRANEAN FRUIT ßy, Ceratitis capitata (Wiedemann), is an important fruit pest that attacks several cultivated species of high commercial value (Mitchell and Saul 1990, Liquido et al. 1991) . It has adapted to various climates and has spread into parts of the world that are well beyond the tropics where the ßy is likely to have originated (Hagen et al. 1981 , Anonymous 1988 , Fischer-Colbrie and Bush-Petersen 1989 , Kourti et al. 1992 , White and Elson-Harris 1992 . The phenology and population dynamics of the ßy have been studied extensively in the tropics, to a lesser extend in temperate areas and least in areas lying within the northern, cold areas of its current geographical distribution.
Most of the studies conducted in the tropics deal primarily with adult trapping in different habitats, although some also examine the effect of host fruits on population dynamics (Harris and Lee 1986 , 1987 , EskaÞ and Kolbe 1990 , Liquido et al. 1990 , Harris and Olalquiaga 1991 , Harris et al. 1993 , Niklaus-Ruiz Borge and Basedow 1997 . From these studies it seems that in the tropics the phenology and abundance of the ßy is determined by rainfall, humidity, and host fruit availability. Temperature ßuctuates annually within optimum levels and is therefore not a limiting factor in population establishment and persistence (Bateman 1972) .
Studies have been also conducted in temperate areas such as the southern Mediterranean region, including parts of central and southern Greece (Rivnay 1951 , Mourikis 1965 , Fimiani and Pandolfo 1973 , Harris 1975 , Campos et al. 1989 , Benfatto et al. 1989 , Fimiani 1989 , Niccoli et al. 1991 , Michelakis 1992 , Dhouibi and Gahbich 1994 , Zervas et al. 1995 , Israely et al. 1997 , Papadopoulos and Economopoulos 1997 . In these areas, host fruits (such as various citrus species) are available year-round and, as a result, the main factor regulating populations in these areas is the relatively low winter temperatures.
In the colder temperate areas of Europe, low winter temperatures profoundly affect the phenology and population dynamics of C. capitata. In northern Greece the ßy cannot overwinter in the adult stage, and some fruit species, which become infested late in autumn, serve as overwintering refuges for larvae (Papadopoulos et al. 1996) .
The Mediterranean fruit ßy was Þrst reported in northern Greece in 1959 (Tzimos 1961) . Although C. capitata causes considerable damage (primarily to pome and stone fruits), there are no studies of its population dynamics and ecology in this area. In fact, no studies are available for the northern limits of the ßyÕs distribution in Europe. Furthermore, there are no detailed studies of the impact of different hosts on the population dynamics of C. capitata in the Mediterranean region, although similar studies have been carried out by Rivnay (1951) for Israel, Delanoue and Soria (1962) and Harris (1975) for Tunisia, Papadopoulos and Economopoulos (1997) for southern Greece (Crete island), Katsoyannos et al. (1998) for central Greece (Chios island), and Niccoli et al. (1991) for Italy.
This study deals with the population dynamics of the Mediterranean fruit ßy in Thessaloniki, northern Greece, an area close to the northern limits of its distribution in Europe. Primary goals were to monitor the seasonality of the ßy in this area, establish the importance of the different host fruits for population development, and compare populations of the ßy in orchards with different host fruit availability. We further seek to understand how knowledge on seasonality and hosts may help to plan a sound control strategy for this pest.
Materials and Methods
Study Area and Climate. The study was conducted during 1991Ð1995 near Thessaloniki, northern Greece (40.3Њ northern latitude, 22.5Њ longitude), in the farm of the Aristotle University of Thessaloniki located Ϸ800 m from the sea at approximately sea level. The primary C. capitata hosts in Thessaloniki are apples (Malus sylvestris Mill.), mostly of the ÔGolden DeliciousÕ and ÔGranny SmithÕ varieties; peaches [Prunus persicae (L.) Batsch; pears (Pyrus communis L.); quinces (Cydonia oblonga Mill.), apricots (Prunus armeniaca L.); cherries (Prunus avium L.); Þgs (Ficus carica L.); and oriental persimmons (Diospyros kaki L.). The fruiting period begins in late May and ends in late November. Apricots mature Þrst, followed by peaches, apples, and quinces (Papadopoulos 1999) . The climate of the area is characterized by a warm, dry summer and a mild, wet winter with low temperatures often falling below freezing (see also Papadopoulos et al. 1996) . During the experimental period, meteorological data were collected at a station located 200 m northeast of the experimental farm (Table 1) .
Adult populations were monitored in two orchards of the University farm located Ϸ500 m apart (Fig. 1) . Orchard A, within a 3.2-ha farm, consisted of small groups of pome and stone fruit trees. There were Ϸ20 apple, Þve apricot, Þve peach, two loquat, [Eriobotrya japonica (Thunb.)], 10 Þg, Þve plum (Prunus domestica L.), 10 pear, and Þve quince trees. These trees were not cultured regularly and bore a small number of fruits. A small number of nonhost trees and shrubs, such as olives (Olea europea L.), almonds (Prunus amygdalus Batch), and hazel nuts (Corylus avelana L.) were also present in orchard A.
Orchard B consisted of 3.2 ha of apple, 0.4 ha pear, 1.0 ha peach, 0.4 ha apricot, 0.4 ha plum, and 0.3 ha of cherry trees. There were also Ϸ10 Þgs, 15 quinces, Þve oriental persimmons, and a number of nonhost plants (e.g., olives, almonds, and ornamental bushes). The orchard was surrounded by 50 ha of Þeld crops. This orchard was cultured regularly producing high yields every year. Trees on which traps had been installed and trees used for fruit sampling did not receive any insecticide treatment during the study. When necessary, insecticide treatments were applied in surrounding trees against other pests, such as the codling moth, Cydia pomonella (L.), or aphids. These treatments did not appear to have any effect on C. capitata populations (see Results below).
Adult Population Monitoring. Adult C. capitata populations were monitored in orchard A and B with Jackson traps baited with the male-speciÞc attractant trimedlure (AgriSence, Fresno, CA). Adult monitoring was conducted throughout the year. Traps were installed 1Ð2 m above the ground in a shaded part of the canopy of host trees and were serviced weekly from March to the end of November and every other week from December to February. Trimedlure dispensers were replaced every 3 and 4 wk, respectively.
In orchard A, three to Þve Jackson traps were deployed from 1991 to 1995 (traps were installed in April 1991) on apple, Þg, and apricot or peach trees at a density of Ϸ1Ð1.5 traps per hectare.
In orchard B, traps were deployed from 1993 to 1995 (traps were installed in April 1993). In 1993, Þve Jackson traps were installed on peach, apple, and Þg trees at a density of Ϸ1Ð1.5 traps per hectare. From 31 March to the end of July 1994 and 1995, 30 traps were used in this orchard at a density of Ϸ5 traps per hectare in an attempt to detect the Þrst adults as early as possible. These traps were suspended on each host as follows: In 1994, four traps were placed on apricots, Þve on peaches, three on Þgs, two on pears, two on plums, 13 on apples, and one on oriental persimmon. In 1995, four traps were placed on apricots, seven on peaches, 11 on apples, three on Þgs, two on pears, two on plums, and one on oriental persimmon. After adult population had increased considerably at the end of July each year, only 5Ð10 traps placed on peach, Þg, and apple trees (one to three traps per host) were maintained in this orchard at a density of Ϸ1 trap per hectare. In both orchards, the last trap service was conducted at the end of December 1995.
Fruit Sampling. To determine the seasonal pattern and the infestation rates of C. capitata hosts in the area, extensive fruit sampling was conducted from 1992 to 1994 from known hosts and other fruit species. In 1991 and 1995, only a limited number of fruits were sampled. Fruits were sampled when available (usually every week), following their maturation phenology. Ripe and semiripe fruits were collected from trees as well as some that had recently fallen. Fruits were transferred to the laboratory (25ЊC) and placed in plastic containers (44 by 35 by 16 cm) on a dry sand layer (2Ð3 cm deep). Approximately 10 Ð100 fruits were placed in each container, depending on their size. Sand held the exudate dripping from the rotting fruits and served as pupation site for the mature larvae that left fruits. Every 2Ð3 d, fruits were transferred in other containers. Sand in the containers was sieved and the recovered mature larvae and pupae were counted and maintained at the same conditions until adult emergence.
Statistical Analysis. Because the number of traps deployed differed a great deal between and within orchards, to compare adult population density between the two orchards we estimated for each orchard the number of ßies captured per trap per week from the end of June to the end of November 1993Ð1995. Our data were not amenable to a parametric analysis of variance (ANOVA), mainly owing to the large number of zeros. Therefore, captures per trap per week were subjected to a two-way nonparametric ANOVA (ScheirerÐRayÐHare extension of the KruskalÐWallis test) with orchard and week of trap check as factors and year the replicate (Sokal and Rohlf 1995) .
Results
Adult Trapping. The temporal pattern of adult captures in Jackson traps in the two neighboring orchards in Þve successive years (1991Ð1995) is shown in Fig. 2 . Overall adult population was very low in June, July, and December, moderate in August and September, and very high in October and November (Fig. 2) . No adults were detected from January to the end of June during the study. Mean monthly temperature decreased from 10.5ЊC in November to 6.5ЊC in December, whereas average absolute minimum temperature was Ϫ2.1 and Ϫ5.6ЊC in these two months, respectively (Table 1) . Thus, drop of temperature could be the main factor determining the end of adult activity in the area of Thessaloniki. C. capitata captures in traps seem to peak in moderate mean monthly temperatures (Ϸ20ЊC).
In 1991 and 1992 when traps were placed only in orchard A, the Þrst captures were recorded in 17 August and 1 September, respectively. A high number of adults were recorded in October and November, and the last captures in both years were recorded at the end of November. From 1993 to 1995, traps were suspended in both orchards. Although the distance between the two orchards was only Ϸ500 m, adult population ßuctuation was remarkably different. In 1993, the Þrst captures in orchard B were noted on 25 August, and high numbers of adults were recorded from September to November. In orchard A, the Þrst captures were recorded Ϸ1 wk later. A low number of adults were captured in September and high numbers in October and November. Adult activity ended in both orchards at the end of November.
Differences in adult captures between the two orchards were more pronounced in 1994 and 1995. In these years, more traps (Ϸ5 per hectare) were used in orchard B early in the season (up to the end of July), with some traps placed on early maturing hosts such as apricots and peaches. In both years the Þrst adults were detected in traps placed on apricot trees. In 1994, the Þrst captures in orchard B were recorded on 23 June, almost 2 mo earlier than in the previous year when fewer traps were used (Ϸ1 per hectare). Adult captures were very low in July, high from mid-August to October (Ͼ150 adults per trap per week), and moderate in November (Ϸ100 adults per trap per week). In 1994, the Þrst adults were captured in or-chard A at the end of August, 2 mo later than in orchard B; thereafter, captures followed the same pattern as in the previous year. Results were similar in 1995. The Þrst adults were captured in orchard B the Þrst week of July, and 1.5 mo later in orchard A. In contrast to the previous year, adult captures in orchard B were very low up to the end of August, moderate in September, and high later in autumn. In orchard A, similarly as in 1994 a high number of adults were captured in October and November. In both orchards and years the last adults were captured at the end of November.
Statistical analysis across all three years of trapping data (1993Ð1995) showed that adult captures in orchard B were signiÞcantly higher than captures in orchard A (H ϭ 133.5, df ϭ 1, P Ͻ 0.01). In both orchards, captures signiÞcantly depended on the time of season (week of trap check) (H ϭ 37.8, df ϭ 22, P Ͻ 0.01). There was no interaction between orchard and week of trap check (H ϭ 3.7, df ϭ 22, P Ͼ 0.05).
Host Infestation Patterns. In total, 13,573 fruits were collected and examined from 1991 to 1995, yielding a total of 61,302 pupae ( Table 2 ). The percentage of samples containing infested fruits was higher in apples, followed by ornamental persimmons, Þgs, pears, and peaches. Rates of infestation per fruit were highest per fruit in peaches (11.4) followed by apples of the Golden Delicious variety (9.7), pears (7.6), apples of the Granny Smith variety (5.9), and Þgs (5.6) (Table 2). Lower infestation rates were recorded in other apple varieties as well as in quinces, oriental persimmons, and pecans (1.2Ð3.2 pupae per fruit), whereas apricots, plums, and tomatoes yielded low numbers of pupae (0.1Ð 0.7 per fruit). Finally, no infestation was recorded on loquats, cherries, and sour cherries (Table 2). Among the 17 plant species from which fruits were collected in the area, 11 were found infested. Only 12.2% of the total pupae obtained in all years were retrieved from fruits collected from June to August. In contrast, Ϸ85% of the pupae were retrieved from fruits collected between September and November, and the remaining 3% from fruits collected in December.
Apricots yielded only 0.1% of the total pupae, and had relatively low infestation rates. However, apricots are very important for breeding the Þrst summer generation, because all pupae obtained in June and July were retrieved from them. Peaches, Þgs, and pears became primary hosts in August and September, whereas apples were important later in autumn and up to December (Fig. 3) .
In Fig. 4 a schematic representation of the ripening sequence of the hosts in relation to the population of C. capitata is given. It is clear that certain host fruits such as loquats, cherries, and apricots were at a stage suitable for oviposition when the population of the ßy was still very low (see also Fig. 2 ). This may account in part for the low or no infestation of these fruits. Therefore, the infestation rates presented in Table 2 are the outcome of fruit suitability for oviposition and larval development, female preference, and population density of the ßy.
The temporal pattern of infestation for the most important hosts of the Mediterranean fruit ßy in the area of Thessaloniki is given in Fig. 3 , for the years 1993, and 1994, respectively. Similar results were also obtained in 1992 (data not shown). In 1993, very low infestation was observed in apricots that were collected the Þrst week of July, in peaches at the end of August and September, and in Þgs in September and October. High infestation was recorded in apples of the Golden Delicious and Granny Smith varieties in October, November, and December. In pears, quinces, and oriental persimmons, infestation was re- Thessaloniki during 1991 , 1992 , 1994 , traps were placed only in orchard A. Arrows indicate the date of Þrst adult detection in each of the two orchards.
corded in October and November. In 1994, very low infestation in apricots was detected from end of June and until the Þrst weeks of July, high infestation was recorded in peaches in AugustÐSeptember, in Þgs in September, in apples SeptemberÐNovember, and in pears SeptemberÐOctober. Low infestation rates were recorded in OctoberÐNovember in oriental persimmons.
Discussion
Phenology of C. capitata in Northern Greece. The results of this study demonstrate a clear and distinct seasonal pattern in population ßuctuations of the Mediterranean fruit ßy in the area of Thessaloniki, northern Greece. Population density is very low during June and July, increases in August, reaches high levels in autumn, and peaks in October. Adult activity ceases at the end of November. Adults are not detected in traps from December until the following June, when temperatures are very low (DecemberÐ March) and hosts absent (AprilÐMay). As shown by Papadopoulos et al. (1996 Papadopoulos et al. ( , 1998 Papadopoulos et al. ( , 2000a , during this period the ßy survives as a larva inside infested apples, which either remain on the trees or fall to the ground. Mortality of larvae and pupae during winter is very high (Papadopoulos et al. 1996 (Papadopoulos et al. , 1998 . However, a proportion of the population survives and yields a small number of adults in spring. Although, not detected by traps, these adults appear in the area in AprilÐMay, and a proportion of them live until the end of August. Reproduction is possible during the summer months, when host conditions become favorable, giving rise to the following generation. The phenology of the ßy in northern Greece is summarized graphically in Fig. 4 . We estimate that the ßy has four to Þve overlapping generations, of which two to three are completed from the end of August to the end of November.
Our data suggest that low winter temperatures and absence of host fruits for a long period are the two main factors determining C. capitata population density and the period of adult activity in northern Greece and probably other areas with similar climatic conditions. Temperature drop determines the end of adult activity in November. Later in winter it causes a high larval mortality and a dramatic decrease in the overwintering population (Papadopoulos et al. 1996) . It follows that an unusually mild winter may allow higher survival rates of larvae in winter, and as a result, higher population densities may develop the following year. Such was the case in the 1993Ð1994 season (Papadopoulos 1999). However, unusually low temperatures in early spring following a mild winter may result in dramatically high mortality in the overwintering population . Studies conducted in other parts of the Mediterranean have shown that the period of ßight activity becomes longer in warmer, more southern areas (Rivnay 1951 , Harris 1975 , Zervas 1987 , Benfatto et al. 1989 , Campos et al. 1989 , Michelakis 1992 , Papadopoulos and Economopoulos 1997 , Israely et al. 1997 . In some of the southern Mediterranean areas, a small number of adults might also be active during winter.
Population development of C. capitata is closely associated with the host fruit species cultivated in an area. The rate of infestation (oviposition) and the suitability of fruits for development combined with the total biomass of fruits of each host species is of high importance (Vargas et al. 1983 . In northern Greece, apricots maturing early in the season are very important for population development because they constitute the host on which adults of the overwintering generation oviposit Þrst. The Þrst infested fruits collected in 1993, 1994, and 1995 were apricots. Infestation rate in these apricots is usually low due to the low number of adults emerging from overwintering larvae (Papadopoulos et al. 1996) . Important hosts for the summer generations are peaches, Þgs, and in autumn pears and apples. Adults that appeared late each summer most probably originated from larvae that bred on apricots. It follows that in areas with climates similar to that of northern Greece, absence of early maturing hosts (such as apricots or early maturing peaches) would inhibit the development of the Þrst summer generation, resulting in dramatic reduction of the population size later in the season. Regarding apple, it is not a favorable host for larval development (Carey 1984 , Krainacker et al. 1987 , Zucoloto 1993 , Papadopoulos 1999 ; however, it is very important for the autumn generations, because no other hosts are available at that time. In the experimental area, apples constitute the main crop in terms of total biomass and an indispensable refuge for the overwintering generation (Papadopoulos et al. 1996 (Papadopoulos et al. , 1998 . In southern areas of the Mediterranean, various citrus species, Þgs, and peaches are the most important hosts for C. capitata (Harris 1975 , Niccoli et al. 1991 , Papadopoulos and Economopoulos 1997 ). Loquat has been described as a host of C. capitata in the tropics (EskaÞ and Kolbe 1990 , Liquido et al. 1990 ) and in southern Greece (Mourikis 1965) . However, in the current study as well as in Tunisia, Israel, and Crete (Rivnay 1951 , Harris 1975 , Papadopoulos and Economopoulos 1997 no infestation was detected in loquats. Low adult population densities of C. capitata at the time when loquats ripen, the particular characteristics of the varieties cultivated in an area, and the presence or absence of other preferred host fruits (EskaÞ and Kolbe 1990) may account for the reported differences in loquat infestation. In this study we did not Þnd cherries and sour cherries infested. However, both of them have been reported as hosts of C. capitata, although without conÞrmed Þeld infestation data (Liquido et al. 1991) . Among the 11 host fruits found infested in the area, all are known hosts except pecan and M. floribunda.
Population Movement, Monitoring, and Control of the Fly. Mediterranean fruit ßy adults and other tephritids have a remarkable ability to move long distances in search of food or available oviposition sites (Bateman 1972, Harris and Olalquiaga 1991) . However, when resources in an area are adequate, ßies may be sedentary. This has been demonstrated in three recent studies conducted in Greece by , Papadopoulos et al. (2000a), and Papadopoulos et al. (2000b) . It is also reßected in the current study in the pronounced differences recorded in captures between the two orchards, during June, July, and August despite their close proximity. These differences in the beginning of the season and later on are probably due to dissimilarities between the two orchards in the total biomass of host fruits, particularly Golden Delicious apples (the overwintering refuge of the ßy) and apricots (the recipient of the Þrst eggs in spring).
Recent studies conducted in the same orchards showed that the trap type used and the host trees on which the traps are suspended had a considerable effect on adult monitoring early in the season (Papadopoulos et al. 2000a (Papadopoulos et al. , 2000b . Traps suspended on preferred early maturing hosts, such as apricot, far outperformed traps suspended on later maturing hosts and, as in the current study, detected the Þrst adults earlier. The Þndings of the current study suggest that detection of the few adults yielded by the overwintering larvae early in spring was not possible with the trap type we used. Nevertheless, the presence of adults in the area was inferred by Þnding infested apricots almost at the same time or even earlier that the detection of the Þrst adults (Fig. 3) . Fruit sampling, therefore, might provide useful information in relation to the detection of C. capitata in this area. Also, a good estimation of the actual start of adult activity in spring can be obtained by collecting large numbers of infested apples late in autumn and monitoring them for pupation and adult emergence in spring (Papadopoulos et al. 1996) .
The model of population development presented in Fig. 4 for C. capitata can provide a basis for a sound control strategy in northern Greece and other regions with similar climatic conditions. With regard to the control of the ßy, we suggest that collecting and destroying all fallen infested apples in a large area during the winter (and therefore the overwintering larvae) may result in very low population levels the following spring. To the same end, bait sprays or mass trapping should be applied in and around hosts on which ßies congregate, such as apricots in spring in northern Greece. These practices may help to maintain a low population level until autumn. Alternatively, eliminating early maturing hosts from the area entirely might prevent breeding of the ßy early in the season and may hence reduce population densities later in the season. Another ecologically sound method for Mediterranean fruit ßy management is application of the sterile insect technique (Hendrichs et al. 1995) . Our data suggest that when this method is applied in areas with host and climatic parameters similar to those of northern Greece, releases of sterile males should begin in AprilÐMay. At that time, the adult population is very low, and the high sterile/wild male ratio required for the success of this method can be achieved more easily. Early in the season, releases should center on orchards or habitats where adults appear Þrst in the season (apple orchards) and orchards composed of early maturing preferred hosts. 
